A highly dispersible and magnetically recoverable Cu-PEI@Fe 3 O 4 MNPs catalyst was prepared and successfully applied in one-pot three-component coupling of terminal alkynes, sodium azide, and alkyl bromides/chlorides in water to give 1,4-disubstituted 1,2,3-triazoles with good to excellent yields. The catalyst was fully characterized with FT-IR, TGA, TEM, SEM, VSM, EDX, cyclic voltammetry, and ICP-AES spectroscopic techniques. Furthermore, the catalyst was easily recycled by an external magnet and successfully reused six times in the reaction without significant loss of its catalytic activity and copper leaching. The large-scale reaction was also carried out in the absence of any base and reducing agent even with 0.1 mol% of the catalyst in aqueous media, making this protocol a good candidate for practical applications.
the door for the preparation of 1,2,3-triazoles with high regioselectivity and broad substrate scope at room temperature. The noncatalyzed version of the reaction gives the products with poor selectivity and low yield.
7−10
Consequently, many methods based on homogeneous copper catalysts have been reported to date. However, they suffer from the problems of catalyst recycling, product contamination, and use of toxic solvents.
In comparison with homogeneous catalysts, heterogeneous catalysts can bring the advantages of catalyst reusability and easier product separation. Therefore, much effort has been made to immobilize copper complexes on suitable supports including carbon, silica, polymer, alumina, zeolite, dendrimer, and charcoal.
16−21
Although noticeable improvements in terms of reusability, reducing catalyst loading, and working under aerobic conditions were made, most of them still used organic solvents and organic base to improve catalytic efficiency. More importantly they used organic azides directly instead of in situ generated counterparts. Since the organic azides are toxic and their handling is not safe, the development of one-pot Huisgen 1,3-dipolar cycloaddition based on heterogeneous catalysts is highly desirable. To address this issue, some copper-based catalytic systems have been reported. These systems include copper nanoparticles on activated carbon, 22 38 and silicaimmobilized NHC-Cu(I). 39 However, successful examples using this useful strategy are limited and some of them still use organic solvents, base, and reducing agents. We have recently reported that PEI-grafted Fe 3 O 4 MNPs (MNPs@PEI) is a very suitable catalyst for one-pot synthesis of 2-amino-3-cyano-4H -pyran derivatives in water 40 and also could be used for physical adsorption or covalent attachment of Thermomyces lanuginosa lipase (TLL) through different modification. 41 Herein, we supported copper onto magnetic nanoparticle with covalently anchored polyetylimine (PEI) as catalyst for the three-component coupling reaction of sodium azide, alkyl halides, and different alkynes in the absence of any base and reducing agent in H 2 O/PEG 300 as a safe, inexpensive, green, and environmentally benign medium.
Results and discussion
The Cu- The structure of the prepared MNPs was further verified using transmission electron microscopy (TEM) images. PEI@Fe 3 O 4 MNPs were spherical with relatively narrow size distribution (Figure 3a) . A magnified TEM image of single PEI@Fe 3 O 4 MNPs indicated that the diameter of the MNPs is about 20 nm. The structure of the MNPs was maintained after copper supporting (Figure 3b ). On the other hand, Figure 3c shows a TEM image of the Cu-PEI@Fe 3 O 4 MNPs after recovery from the first cycle of the reaction.
By comparing these two sets of TEM images before and after the first reaction cycle, we can see that the nanoarchitecture of the catalyst survived. The selected area electron diffraction (SAED) pattern taken from the Cu-PEI@Fe 3 O 4 MNPs revealed that copper on the PEI@Fe 3 O 4 MNPs was polycrystalline (Figure 3d ). All of these observations confirmed the successful preparation and stability of the catalyst.
. Anchoring of Cu on the solid surface can be followed by DRUV-vis spectroscopy of the resulting catalysts. The spectrum showed a broad absorption band in the region of 600-900 nm that could be attributed to the d-d transition of Cu(II) ion in the octahedral ligand field generated by oxygen ions. The band at ca. 250 nm may be related to the silica matrix ( Figure 7a 
Entry
[a] After full characterization of the prepared catalyst, three-component Huisgen 1,3-dipolar cycloaddition between sodium azide, benzyl bromide, and phenyl acetylene was evaluated as a model reaction in water at 25 • C and in the presence of the catalyst. Only a trace amount of the corresponding triazole 4 was produced at ambient temperature (Table 1 , entry 1). Raising the reaction temperature to 70
• C increased the yield to 70%
( we next investigated the scope of the 3+2 cycloaddition (Table 2) . Benzyl bromides/chlorides bearing both electron-donating and electron-withdrawing groups with phenyl acetylene gave the corresponding alkynes in good to excellent yields ( Table 2 , entries 1-15). These results showed that the nature of substitution did not have a significant impact on the outcome of the reaction. It was found that cyclization of the dibenzyl chloride with phenyl acetylene provided bistriazole in high yield ( Moreover, this protocol worked well in the case of more complex structures containing coumarin, isatin, and steroid groups and provided the corresponding 1,4-triazoles in good yield ( Table 2 , entry [23] [24] [25] [26] [27] [28] . It is also interesting to note that in all tested examples in this protocol, only 1,4-disubstituted triazoles were obtained.
The catalytic activity of the catalyst for the reaction of benzyl halide, phenylacetylene, and sodium azide was compared with that of other previously reported heterogeneous catalysts as depicted in Table 3 . Recently, a variety of copper catalysts were prepared via addition of prepared copper particles to different supports. As indicated in Table 3 , the Cu-PEI@Fe 3 O 4 MNPs showed proper activity with low copper loading in comparison with the other catalysts ( Table 3 , entries 5 vs. 1-4). In addition, some of them suffer from disadvantages such as the necessity to apply azide derivatives instead of in situ formation of counterparts and the inability of the catalyst to catalyze the reaction of aliphatic or complex substrate as well as large-scale reactions.
Interestingly, when the above-mentioned reaction was conducted in the presence of a large amount of the reactants (50 mmol), the corresponding coupling product was obtained in 90% isolated yield. Since recycling and lifetime of heterogeneous catalysts are two important issues for practical applications, the recycling of Cu-PEI@Fe 3 O 4 MNPs was also investigated in the three-component coupling of benzyl bromide, NaN 3 , and phenyl acetylene as a model reaction. After completion of the first run, the catalyst was separated by external magnet (Figure 5d ) and then washed with ethanol and the recycled catalyst was successfully applied in five successive reaction runs without significant decrease in its catalytic activity (about 90% conversion after the fifth run). The rapid and efficient recycling method prevents the loss of the catalyst in each run and makes it a promising option for practical applications.
Furthermore, the leaching test after each catalytic run in the model reaction revealed that the amount of the copper leached from the heterogeneous catalyst was negligible as determined by ICP-AES. This result confirmed that there are no contributions from homogeneous catalysis of active species leached into the reaction solution (see Table S1 ).
Conclusion
We developed a recoverable Cu(II)-based heterogeneous catalytic system for one-pot Huisgen 1,3-dipolar cycloaddition in water. The catalyst was prepared by covalent attachment of PEI on the surface of Fe 3 O 4 MNPs and subsequent incorporation of Cu(II) on the support. Our studies revealed that several types of alkynes and alkyl bromides/chlorides could participate in the reaction in the presence of a low loading amount of the catalyst under base-free and reducing agent conditions to give 1,4-disubstituted 1,2,3-triazoles in good to excellent yields. Furthermore, this novel catalytic system can be rapidly isolated from the reaction mixture by an external magnet and successfully reused five times in reactions. Besides its efficient and easy recyclability, the use of the catalyst in large-scale reactions makes this system a valuable candidate for practical applications. 
Experimental

Synthesis of the catalyst
General process for the synthesis of different 1,4-disubstituted 1,2,3-triazoles
A mixture of sodium azide (1 mmol), benzyl or alkyl halide (1 mmol), and corresponding acetylene (1 mmol of phenyl acetylene or 2 mmol of alkyl acetylene) and catalyst (5 mg of catalyst equal to 0.1 mol % of copper) was taken in a round bottomed flask containing 1 mL of H 2 O and 0.2 mL of PEG 300 and heated at 70 • C for 3 h under vigorous stirring. After completion of the reaction (monitored by TLC), the catalyst was removed by external magnet, washed with EtOH, and dried under vacuum. The collected solvent was concentrated under vacuum and the product was allowed to crystalize, which did not require any further purification. The obtained products were confirmed and completely characterized by physical and spectral data (see the Supporting Information). 
General methods and materials
All commercially available reagents were used without further purification. All reagents were purchased from Merck and Acros Organics. Column chromatography was carried out on silica gel. TLC was conducted on silica gel 250 micron, F254 plates. 1 H NMR spectra were recorded at room temperature on 500 MHz spectrometers, using CDCl 3 as the NMR solvent. Chemical shifts are reported in ppm with TMS as an internal standard (TMS: δ 0.0 ppm). 13 C NMR spectra are referenced from the solvent central peak (77.23 ppm). Chemical shifts are given in ppm. The catalyst was washed several times with ether followed by water and dried under vacuum.
Experimental procedures
The resulting reaction mixture was extracted with EtOAc. The collected organic phases were 2 dried with Na 2 SO 4 and the solvent was concentrated under vacuum and the product was allowed to be crystalized with the aid of slow evaporation, which did not require any further purification.
Leaching test
The model reaction was used to study the amount of leached copper from the catalyst. After each run, the catalyst was removed by permanent magnet and the solution was concentrated and checked for determination of the leached copper ion by ICP analysis and the isolated catalyst was also applied for the next runs. The results are presented in Table S1 . 
